Purpose To quantitatively evaluate the upper extremity and elbow function with the Mayo Elbow Performance Score (MEPS) in children with transphyseal fracture of the distal humerus (TFDH) treated surgically.
Introduction
Transphyseal fracture of the distal humerus (TFDH), also known as fracture-separation of the distal humeral epiphysis or epiphysiolysis of the distal humerus, is an uncommon injury that is most frequently seen in children younger than three years of age. 1 Overall, it is the least common of all physeal injuries of the distal humerus. 2 As such, this fracture can be easily misdiagnosed as one of the more common paediatric elbow injuries that usually occur in older children, such as dislocation, lateral condyle or supracondylar fracture. 3, 4 Although the radiographic and clinical outcome and the pathogenetic mechanism of TFDH have been investigated by several authors, [5] [6] [7] [8] [9] [10] none of the published studies, mostly small case series without a control group, have evaluated the functional outcome in toddlers treated surgically. [11] [12] [13] [14] [15] The Mayo Elbow Performance Score (MEPS) was developed by Morrey and Adam in 1992. [16] [17] [18] Moreover, it also has been shown that MEPS can be used to measure the functional outcome of the elbow and upper extremity in children. 16, 17 The MEPS evaluates pain, arc of movement, stability and daily function, and it provides a score ranging from 0 to 100, with a higher score indicating better outcome or function. 18 The main objective of this study is to retrospectively evaluate the clinical and radiographic outcome of displaced TFDH in toddlers treated surgically and to evaluate upper extremity and elbow function with the MEPS.
Patients and methods
This study was approved by our institutional review board. Medical records were reviewed to identify all patients who underwent surgical treatment for displaced TFDH in a single centre from January 2005 to February 2015 (Table 1 ). In total, 22 consecutive patients with displaced TFDH were recorded, of which 18 were surgically treated. Among surgically treated patients, one patient with bilateral TFDH and another with contralateral lateral condyle fracture occurring prior to MEPS evaluation were excluded from the analysis. Finally, 16 surgically treated patients (ten male and six female; 16 elbows) could be included in the present study.
All patients were admitted through the Emergency Department, and the following demographic and clinical data were recorded: gender, age at the time of trauma, side involved, mechanism of injury, presence or absence of associated neurovascular injury and whether the fracture was closed or open.
All the included patients had available anteroposterior (AP) and lateral (L) radiograph of the elbow, MRI was performed to confirm the diagnosis of TFDH in doubtful cases (Fig. 1) . Additional information such as time from trauma to surgery, type of surgery (open or closed) and length of postoperative immobilization was collected from the charts.
All fractures were treated under general anaesthesia. Fracture reduction was initially performed by traction and closed manipulations. If successful, percutaneous pinning was performed. One patient underwent elbow joint arthrogram (contrast agent: Iopromide, 1 ml) to confirm the reduction prior to percutaneous pinning. On the other hand, fractures with unsatisfactory reduction and fractures were not possible to reduce with closed manipulations, open reduction and fixation with Kirschner (K)-wires was carried out. After surgery, all patients were immobilized in a long-arm cast for an average period of five weeks (4 to 7) (Fig. 2) .
Radiographic evaluation
Fractures were classified according to a modified version of the Delee's classification. 19 According to the modified version of the Delee's classification, fractures were divided into three groups. Group A included TFDH with absent secondary ossification centre of the capitellum, with or without metaphyseal spike; Group B included TFDH with ossified secondary ossification centre of the capitellum, with metaphyseal spike smaller than the ossification centre; Group C included TFDH with ossified secondary ossification centre of the capitellum, with metaphyseal spike bigger than the ossification centre (Fig. 3) .
Using AP and L radiographs, the displacement of the distal fragment relative to the axis of the humeral shaft was recorded as anterior or posterior, and medial or lateral.
At last follow-up visit, all patients underwent full AP and L radiographs of the injured and of the non-injured angle between the axis of the humerus and the axis of the capitellum) were measured bilaterally in all patients (Fig. 4) . All of the measurements were performed by a single operator (WZ) with a Picture Archiving and Communication System (Neusoft, Shenyang, China).
Functional evaluation
Patients with at least two years of follow-up and aged four years or older (ten out of 16 patients) were asked to complete the MEPS in the outpatient clinic. MEPS is a scale consisting of four domains, corresponding to different symptoms experienced by the patient (pain: 45 points; daily function: 25 points) and clinical signs measured by the examiner (arc of movement: 20 points; stability: 10 points). The overall MEPS score ranges from 0 (most severe functional compromise) to 100 points (normal function). 18 Elbow function can be defined as excellent, if the final score is 90 and more; as good, if score ranges between 75 and 89; fair, if score is between 60 and 74; and poor, if score is lower than 60 (Table 2) . 18 Moreover, at last follow-up visit, all patients underwent bilateral evaluation of passive elbow flexion-extension, as such measurement could be performed in all children, regardless of the age. Maximum elbow joint extension and flexion angle were measured by a single operator (WZ) with a joint goniometer and the resulting arc of movement was expressed in degrees. Full elbow joint extension was considered as 0° with negative values indicating hyperextension.
Follow-up
All patients underwent regular clinical and radiological follow-up for at least six months after index surgery (mean follow-up: 42.3 months (6 to 98)). At each follow-up visit, AP and L radiographs of the affected elbow were taken to assess fracture consolidation and to detect complications such as secondary displacement, re-fracture, hardware migration, infection, nonunion or malunion. 
Statistical analysis
This was performed using Statistical Package for the Social Sciences software, Version 17 (IBM Corp., New York, New York). According to treatment method, closed versus open reduction, patients were divided into two groups and independent sample t-test, paired-sample t-test and chi-squared test were used to compare MEPS score, flexion-extension of the elbow, humeral length, HU angle and shaft-condylar angle of the injured and the non-injured side. One-way analysis of variance was used to assess the clinical and radiographic outcome and MEPS functional score in each group of patients (A, B and C) according to the modified version of the Delee's classification. 19 Due to the existence of significant outliers in a small population on the aspects of HU angle (patient 6) and range of movement measurements (patient 4), comparison with and without the outliers was made (Tables 3 and 4 ). The threshold for significance was set at p < 0.05.
Results
The study included a total of 16 consecutive patients with displaced TFDH (ten male (62.5%) and six female (37.5%)) ( Table 1) . Mean age at the time of injury was 18 months (11 to 37). Side involved was the right in seven cases (43.7%) and the left in nine (56.3%). Mechanism of injury was direct in all cases (fall from a height). Child abuse was ruled out in all patients.
According to the modified Delee's classification, 19 six fractures were in Group A (37.5%), three in Group B (18.8%) and seven in Group C (43.8%); initial fracture displacement was posteromedial in 14 cases (87.5%) and posterolateral in two cases (12.5%).
Patients were treated within 69.9 mean hours from time of trauma (5 to 312). In all, 11 out of 16 patients (68.7%) underwent closed reduction and percutaneous pinning while the remaining five needed open reduction and fixation (31.3%).
Radiographic evaluation
At the time of trauma, the secondary ossification centre of the capitellum was present in ten humerus (62.5%) and absent in the remaining six (37.5%).
At last follow-up visit, the mean humeral shaft-condylar angle of the injured and non-injured side was 47.1° (25° to 59°) and 51.9° (35° to 65°), respectively (p = 0.073), (15.5 to 25.8) and 20.7 cm (16 to 26.3) (p < 0.001), respectively, no clinically significant difference could be identified (Tables 3 and 4) .
Functional evaluation
The mean follow-up was 42.3 months (6 to 98). All patients were pain free at last follow-up. Maximum elbow joint extension and flexion angle were assessed in all 16 patients. The mean maximum elbow joint extension angle of the injured and non-injured side was 5.9° (-10° to 22°) and 7.5° (3° to 15°), respectively (p = 0.332). The mean maximum elbow joint flexion angle of the injured and non-injured side was 124.4° (74° to 135°) and 133.1° (123° to 135°), respectively (p = 0.012) (Tables 3 and 4) .
Maximum elbow flexion (p = 0.311) and elbow extension (p = 0.398) were similar in all patients, irrespective of the type of fracture as per modified Delee's classification. 19 MEPS score was assessed in patients four years or older at the time of last follow-up visit (ten patients; 62.5%). The mean age of patients whose elbow function was assessed at follow-up was 5.8 years (4 to 9). The mean MEPS score of the injured and non-injured side was 85.5 (70 to 95) and 95 points (90 to 100), respectively (p = 0.002) ( Tables 3 and 4 All patients except one with limited flexion of the elbow (74°), were able to fully participate in daily life and sport activities without discomfort or residual pain.
Discussion
Transphyseal fractures of the distal humerus are rare injuries, and there are few studies focusing on the treatment of these fractures. To the best of our knowledge, the functional outcome of surgical treatment of TFDH in toddlers has never been investigated with a reproducible grading scale.
This study reviewed 16 toddlers with TFDH. All fractures healed, but injured side had significantly lower MEPS score, elbow flexion and HU angle compared with non-injured side (Table 3 ).
Delee's classification divides TFDH into three groups according to the age of the child and the size (absent, small, large) of a metaphyseal spike. 19 In particular, Delee reported that Group A fractures tend to occur in patients less than nine months of age; Group B in patients seven to 36 months of age and Group C in patients between three and seven years of age. 19 However, Delee, in his original work, did not provide a precise definition of small and large size spike. 19 Additionally, Oh et al 20 in their review of 12 patients with TFDH could not identify any association between the presence of metaphyseal spike and age. Moreover, Delee's classification does not include patients older than seven years and there is a two month age overlap between Group A and Group B. 14, 19 As such, we proposed a modification of the original Delee classification, based on the presence or absence of the secondary ossification centre of the capitellum and on the size of the metaphyseal spike compared with the capitellum (smaller or bigger). We found that type of fracture as per modified Delee's classification does not significantly affect the clinical outcome, and that age at time of trauma is not correlated to the type of fracture (p = 0.889), as previously reported by Oh et al. 19, 20 Several studies have shown cubitus varus is the main complication of such injuries during the follow-up period. 15, 21, 22 Delee et al 19 reported that 25% of patients developed 5° to 10° cubitus varus which did not progress or remodel during follow-up, 19 as also shown by Holda et al. 23 Similarly, McIntyre et al 14 and de Jager and Hoffman 11 found a 30% rate of cubitus varus in their review of 12 and nine patients, respectively. On the other hand, Supakul et al 15 and Tudisco et al 24 found significantly lower rate of cubitus varus deformity, 12.5% and 20% respectively. In Abe et al 12 progressive cubitus varus was found in one out of 21 patients and ascribed to the growth plate injury. Interestingly, the 38-year follow-up study by Tudisco et al 24 revealed 80% of carrying angle variation during follow-up and thought the variation was secondary to the growth plate injury that occurred at the time of trauma. In contrast, Oh et al 20 believe that the deformity is secondary to the avascular necrosis of the medial humeral condyle, as previously reported by Yoo et al 22 in 1992. When evaluating cubitus varus deformity, both rotation and/or flexion can influence the measurement of HU angle. In order to decrease systemic errors, all the measurements were performed by a single operator. Furthermore, we followed the standard positioning requirements for anteroposterior view of each elbow, including for patients with limited flexion.
In our series, cubitus varus occurred in 50% of patients. In particular, seven out of 16 patients had mild varus and only one patient developed severe cubitus varus deformity. Several authors suggested that avascular necrosis of the medial humeral condyle may be the cause of the deformity, 20,22 but all our patients underwent reduction, either closed or open, and K-wire fixation of the fracture, and none of them developed avascular necrosis of the medial humeral condyle. Other authors claimed that growth plate injury may also be involved in the deformity, as previous studies reported progressive cubitus varus deformity in toddlers with TFDH.
12,24 None of our patients developed progressive cubitus varus deformity during follow-up. Distal humerus growth plate provides 20% of the growth of the bone and 10% of the growth of the entire upper extremity; moreover, by age six to seven years, there is less than 20% of growth remaining at the level of the distal humerus. 25 These growth rates may help to explain why TFDH has low remodelling potential and at the same time it may explain why these injuries tend not to significantly worsen during growth. Therefore, we hypothesized that inadequate or insufficient reduction could be the main cause of cubitus varus in toddlers with TFDH, if avascular necrosis of the medial condyle does not occur. Many authors agreed on this point. 4, 11, 13, 14, 26, 27 Therefore, anatomical reduction should always be achieved as from an anatomical point of view, when compared with supracondylar fractures, the area of fracture contact is greater, medial tilt is less important and rotation of the distal part of the humerus is less. 19 Ten out of 16 patients older than four years of age and with more than two years follow-up underwent functional evaluation of the injured elbow and completed the MEPS evaluation. MEPS is a validated functional assessment tool that is widely used for evaluation of clinical outcomes for a variety of elbow disorders, including children. [16] [17] [18] Furthermore, it has been shown that MEPS score is a reliable instrument for clinical evaluation of elbow function and is comparable with the American Shoulder and Elbow Surgeons score in an adult population. 28 In our series, functional outcome was excellent in three patients, good in six patients and fair in one patient (Table 1) . No significant association between MEPS functional score, type of reduction (closed versus open) and type of fracture could be identified. During follow-up, function and cosmetic appearance of the injured elbow were comparable with those of the non-injured side (Table 3) (Fig. 5) .
Plain radiographs play an important role in diagnosing the injury. In presence of TFDH there is a loss of the normal alignment between humerus and proximal radius and ulna, on both frontal and sagittal plane. On the frontal plane, the displacement of the proximal radius and ulna can be medial or lateral; it is anterior or posterior on the sagittal plane. On the other hand, in patients with neglected TFDH, the presence of callus, combined with the initial radiographs, contributes to make the diagnosis. Moreover, the presence of an ossified capitellum is a valid aid as the anatomic relationship between proximal radius and capitellum does not change in presence of TFDH, whereas it is modified in cases of elbow dislocation or lateral condylar fracture. In our series, TFDH could be diagnosed on plain radiographs in 11 out of 16 patients. In the remaining five, diagnosis was suspected on plain radiographs and later confirmed by MRI. Plain AP radiographs usually highlight the malalignment between the distal humerus and the proximal ulna and radius, most frequently medial (14 cases out of 16 in our series; 87.5%). On the other hand, L radiographs usually show a reduction of the gap between the proximal anterior humeral line and the radial metaphysis with posterior displacement of the elbow joint. 13, 29 In our series all fractures were displaced posteriorly and TFDH could be suspected on plain radiographs in all patients.
Elbow ultrasound and MRI have also been shown to be valid options to diagnose TFDH in doubtful cases. Brown and Eustace, 29 Dias et al 30 and Supakul et al 15 noted that ultrasound is relatively inexpensive compared with MRI; it is non-invasive and it does not require sedation. However, elbow joint ultrasound could not be performed on any of our patients due to pain and significant elbow swelling. Although it requires sedation, MRI is another option to assess TFDH as it provides a larger field of view and multi-planar images as well as the possibility to assess postoperative distal humerus physeal status during follow-up, as showed by Nimkin et al. 31 In our series, MRI was performed in five patients to confirm the diagnosis of TFDH suspected on plain radiographs (Fig. 1) .
On the other hand, the arthrogram is a useful tool that can help the surgeon not only to confirm the diagnosis but also to assess the quality of the reduction that appears to be the main factor influencing outcome. Tharakan et al 32 reported about the use of intraoperative elbow joint arthrogram to ensure proper reduction and stabilization of the fracture. In our series, intraoperative elbow joint arthrogram was performed in one patient only, as we consider that the main role of intraoperative arthrogram is to assess the quality of the reduction of the fracture in all planes, especially in doubtful cases (Fig. 6) . We encountered some limitations in the analysis of our results. First, while there is no set age limit, the MEPS scale was developed for adults and it is not a validated outcome measure in children. However, only patients older than four years of age were included and were able to understand the question and answer independently. Additionally, the MEPS has already been used to measure symptom severity and disability in a variety of upper extremity fractures in children. 16, 17 Previous reports provided a support to applying MEPS questionnaire in children, but further studies are needed to demonstrate its reliability in the paediatric population.
Secondly, this is a retrospective study with a relatively low number of patients. However, due to the rarity of the lesion, it is one of the largest series available 12, 15, 19 and the only one that assesses injured elbow function with a reproducible and validated grading system and compares it with the non-injured side, used as control group. Additionally, the patients formed a homogeneous group in terms of age and type of fracture.
Thirdly, several tools, such as the QuickDash 33 and the Pediatric Outcomes Data Collection Instrument 34 score have been developed to evaluate upper extremity and elbow function in children. However, due to the relatively long time needed to properly fill in both questionnaires, we chose the MEPS questionnaire which has likewise been applied to children, although it has not yet been validated in the paediatric population.
In conclusion, our study reports good functional outcome in toddlers with TFDH surgically treated, provided that optimal reduction is achieved, as patients treated by closed or open reduction show similar functional outcome irrespective of the type of fracture. However, a residual cubitus varus was commonly observed among these patients.
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